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Abstract. Resonant transmission of microwaves through a hexagonal array of
holes in a very thin aluminium layer is studied. The array of holes, with diameter
much less than the incident wavelength, leads to a strong transmission peak at a
frequency just lower than the diffraction limit of the array. The results are well-
modelled using a finite element package. The effect of metal depth on transmission
intensity and the maximum efficiency of the hole array is also explored. Further
experimental data are presented for the transmission of microwaves as a function
of angle of incidence. It is shown that strong transmission occurs at frequencies
just lower than the diffraction edges of the array. Incidentally, it is also shown that
less than 0.01% of normally incident microwave radiation is transmitted through
a continuous metal layer of thickness only 40% of the skin depth.
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1. Introduction

Enhanced transmission of photons through a regular array of subwavelength holes in an otherwise
opaque screen has been an area of significant interest since it was first demonstrated by Ebbesen
et al [1]. The transmission through each hole was significantly higher than that expected
from simple analytical theory [2]. Indeed, the amount of light transmitted by the structure is
significantly more than that arriving over the integrated area of the holes. Enhanced transmission
peaks were located at a frequency below the diffraction limit of the array, which is dictated
by the array pitch. Hence, the enhanced transmission was deemed to be the result of the large
electric fields of surface plasmon polaritons (SPPs), at both the incident and transmitted half
space interfaces, enhancing the evanescent fields within each hole. This allows a greater energy
to couple into the transmitted beam than might be expected if direct transmission of the holes
were considered alone. Subsequent work mapped the frequency dispersion of the hole array,
confirming that SPPs aided the transmission [3]. Theoretical work [4] strengthened the SPP
link by showing that no guided modes could be supported within a subwavelength hole. Further
verification has been provided both theoretically and experimentally [5]-[7]. Theoretical work on
random arrays of holes demonstrated that the regular array of holes was essential in the enhanced
transmission, and without the array only weaker localized surface plasmons could exist round
the rim of each hole [8]. The transmission spectrum of an array of holes has also been explored
with the added assumption that the SPP is supported only on one surface of the array [9]. This
demonstrated a simplified transmission spectrum, different to that shown in [1], lacking features
due to coupling of SPPs between both surfaces of the array.

Work on varying dimensional aspects of the array has been explored in detail. The
dependence of the transmission on array depth has been studied both experimentally and
theoretically [10], [11]. Further dependence on the material properties of the array has been
explored [12]. The dependence of the transmission on hole shape has also been studied [13].
Furthermore, the enhanced transmission of photons through subwavelength holes has been
extended to longer wavelength, notably into the infrared [14], [15], the terahertz regime [16]—
[18] and the microwave regime [19]. It is worth noting that while all of the arrays in the lower
frequency regimes used metal, or semiconductor, layers which were thinner than the wavelength
of the incident light, none to date have explored the transmission of an array in a sub skin depth
thickness material, where, in this case, the skin depth is less than 0.01 of the wavelength.

The work presented here is an experimental investigation into the enhanced transmission of
microwaves through a hexagonal array of holes in a metal layer which is much thinner than the
skin depth of the microwaves. Transmission spectra of two orientations of microwave polarization
relative to the hole array are measured. The experimental data are complemented by numerical
computer modelling, allowing the detailed exploration of the resonant fields supported by the
structure. Further angle-dependent data are explored to show that it is the formation of SPPs on
the array surface that facilitates the enhanced transmission. The work also demonstrates a strong
screening of the incident microwaves by a metal layer of a thickness that might be expected to
transmit a significant proportion of the incident power.

Transmission of electromagnetic radiation through a single subwavelength circular hole in
an opaque screen becomes increasingly prohibitive when the wavelength of the incident radiation
becomes larger than the radius of the hole. As only evanescent modes are supported inside the
holes in this regime the transmission intensity is expected to fall as (r/A)* [2], where r is the hole
radius. However, creating a periodic array of holes allows coupling to a bound surface mode, the
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Figure 1. Photograph of a section of the sample, with dimensions marked. Both
incident electric polarizations are marked.

surface plasmon, by scattering off the array. This increases the intensity of the transmission by
greatly enhancing the fields at the surface of the array [3]-[5], [10], [11]. As a further result of
coupling to the surface plasmon the transmission peak is produced at wavelengths slightly longer
than the pitch of the array [1]. For a hexagonal array of holes the pitch is equal to the separation
of the rows of holes, or d cos 30°, where d is the nearest neighbour distance and 30° is the angle
between the normal of one row and the line connecting to the nearest hole in an adjacent row.

2. Results and discussion

2.1. Normal incidence resonant transmission of the hole array

Figure 1 is a photograph of a portion of the sample with dimensions and the two orthogonal
polarizations of incident microwaves marked. Two samples are investigated separately, for one
the normal incidence transmission is explored and for the other the angle dependence. Both
hexagonal arrays of circular holes are cut using a laser etching system with a substrate comprising
a 50 pum thick flexible dielectric film on to which ~150 nm of aluminium has been deposited by
evaporation. The laser etcher uses a template in which each hole has a radius, r = 0.796 mm.
The sample used for normal incidence experimentation has a nearest neighbour separation of
5 mm (a pitch of 4.33 mm), whereas that used to explore angle-dependent transmission has a hole
separation of 7.5 mm (a pitch of 6.495 mm). Both sheets are cut to form an array ~27 x 21.5cm
in size. The samples are then illuminated with a collimated microwave beam, which has a
beam spot of about 15cm diameter, smaller than the full array size to minimize undesirable
edge effects. The collimating mirrors are positioned in the far field so that only transmission
parallel to the incident beam is measured. A well collimated beam is essential to avoid the beam
divergence shifting the transmission peak to a lower frequency; caused by an enhancement of the
in-plane photon momentum parallel to the array surface due to wave-front curvature. The data
range studied was 50 < f < 75GHz (4.00 < A < 6.00 mm). Theoretical modelling has been
undertaken with a finite element method (FEM) program, Ansoft’s high frequency structure
simulator (HFSS) (HFSS, Ansoft Corporation, Pittsburg, PA, USA). The FEM model mimics
the physical structure of the sample as closely as possible. (Note, for frequencies above the
diffraction limit the transmitted power modelled exceeds that detected in the experiment, since
in the experiment only the zero order beam is detected.)
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Figure 2. Experimental data for normally incident microwaves in two orthogonal
polarizations, marked 1 and 2 in figure 1, shown as open and filled circles
respectively. FEM model results for hole radii ¥ = 0.891 mm, ér £ 0.028 mm
is the solid line. The diffraction limit of the array at 69.2 GHz is the vertical
dashed line.

Figure 2 shows the experimental transmittance of normally incident microwaves as a
function of frequency for the first sample. Data for two orthogonal polarizations of microwaves
are presented (filled and hollow dots), as marked in figure 1. It is clear that the very strong
transmission (~80% at the peak) and the overall form of the transmission spectrum is independent
of polarization orientation at normal incidence. The diffraction limit of the array is marked as
the vertical dotted line at 69.2 GHz. Finally, the FEM modelled data is shown as the solid line.
As the array was manufactured by laser etching holes into the metal and dielectric it is inevitable
that there will be some spread of the hole radii across the sample. This is dependent on slight
variations in the metal or dielectric thickness, altering the etch rate, and variations in the focus
of the laser at different points on the sample. To model this spread of hole size, many separate
FEM models were created each with a different hole size. The outputs for each hole size were
combined by a weighted Gaussian average. As the laser was focused on the outer limit of the
0.796 mm radius it was assumed that the hole radii could only be larger. The final result uses a
Gaussian spread of hole sizes centred around a hole radius, » = 0.891 mm with a full width half
maximum encompassing the range 0.863 < r < 0.919 mm. Using this weighted averaging gave
a model response, the continuous line in figure 2, that agrees very well with the data.

In the transmission spectrum shown in figure 2, the strong transmission peak is located
below the diffraction limit of the array. This is consistent with the SPP-mediated transmission
reported by Ebbesen e al [1]. No other transmission peaks are recorded at lower frequencies;
which might have been attributed to the surface plasmon existing at the metal /dielectric substrate
interface, discussed in [1]. This shows that the thin dielectric layer supporting the aluminium
has negligible effect on the microwave transmission; effectively the lower interface is a slightly
perturbed metal/air interface.

Note in passing, the very low transmission of the continuous metal layer, which
was never measured to rise above 0.01% of the incident beam power across the entire
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frequency range. In the microwave regime the skin depth, §, can be approximated by
8 = /2/mowg [20], where g is the metal conductivity and w is the frequency at which the skin
depth is measured. For aluminium with g = 3.8 x 107 S m™', this gives a skin depth of ~400 nm
at a frequency of 50 GHz [20]. Naively we might expect a layer with a thickness equal to the skin
depth to transmit ~36% of incident radiation and thus anticipate that 150 nm of aluminium would
be quite transmissive. It is of course the massive impedance mismatch between the aluminium
layer and the surrounding air that prevents transmission and not the metal thickness; indeed even
20 nm of aluminium will reflect over 99% at these frequencies.

To effectively model such thin layers of metal with the FEM program it was necessary to
use a surface impedance approximation (SIA) to describe the response of the metal layer instead
of incorporating finite elements into the metal. When the metal is described by finite elements
within the 150 nm depth, compared to the 6 mm wavelength scales of the rest of the model, the
computation time becomes prohibitive. The SIA simplifies the problem by using the conductivity
of the metal to approximate the absorption of electromagnetic radiation within the skin depth.
Crucially, not only does the SIA reduce the problem size, but it also forbids penetration of the
electromagnetic fields into the metal layer. The fact that the model shows such good agreement
with experimental data for the transmission through such thin metallic layers further implies that
there is negligible penetration of the electromagnetic fields into the metal layer, either from the
incident wave or from any surface modes. As already indicated, even though the skin depth of
the metal in the microwave regime is significantly greater than the metal thickness of the sample,
the impedance mismatch at the metal/air interface screens out the microwaves very effectively.
Therefore, all the transmission of microwaves can be considered as occurring solely through
the holes of the array. This is perhaps a surprising result, given the extremely thin nature of the
metal layer. Figure 3 shows the Poynting vector plot on a vertical plane parallel to the incident
polarization of an array of holes with » = 0.875 mm at a resonant frequency of 66 GHz. The
metal layer is represented by the broken black line. Figure 3 clearly shows the coupling of the
microwaves to surface modes (represented by the enhanced power flow along the surface of
the array) and the channelling of the microwaves through the holes of the array. The cross-
section of the diagram with respect to the array is also shown in figure 3.

From the above discussion it may appear that the aluminium is behaving as a perfect metal
and thus that the surface plasmon in this experiment is reminiscent of the spoof plasmons
predicted by Pendry [21] and observed by Hibbins er al [22]. However, unlike [21, 22], in
which both the periodicity and the dimensionality of the holes cut into the perfect metal are
required to be subwavelength in size, the periodicity of the array within this hexagonal array is
crucial to the coupling of the microwaves into the surface plasmons mode and, thus, is of the
order of the experimental wavelength. In that respect the plasmons within this work are treated
as being genuine, not spoof.

Figure 4 is an extension to the FEM model showing the effect of metal thickness on
transmission intensity. This particular model contains holes with radius, r = 0.915 mm. The
thickness of the aluminium layer is varied from 225 nm to 2 mm. It is immediately clear that
there is a limit to the increase in the intensity of transmission of the microwaves. Below ~2 ym
the thickness of the metal layer no longer significantly attenuates the signal transmitted through
the holes. The evanescent decay of the electromagnetic fields within the holes becomes negligible
below this metal thickness. A hexagonal array of hole radius 0.915 mm and hole spacing of 5 mm
has a maximum efficiency of ~93% at 65.4 GHz for a thin metal layer on a 50 um dielectric
substrate. This efficiency represents a transmission of 75 times more than the radiation directly
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Figure 3. FEM field profile showing power flow through a hole of radius
0.915 mm. Field profile cross-section and incident beam direction and polarization
marked. Array sample not to scale.
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incident on the area of the holes. This FEM modelled peak efficiency is higher than recorded
experimentally simply because the spread of hole size within the experimental array broadens
the resonance, therefore reducing the peak transmission intensity of the array.

A further feature of note is the transmission peak present, at ~70 GHz, in the FEM modelled
data, but not in the experimental data, figures 4 and 2 respectively. Initially assumed to be an
artefact of the treatment of diffracted orders within HFSS, in figure 4 this feature actually reduces
in frequency to below the diffraction limit as the film thickness is increased. Clearly another
explanation is needed. Genet et al [9] discuss the transmission spectrum of an array of holes
when only considering a surface plasmon resonant state on the incident surface of the array.
This gave a similar response to the experimental data presented within this paper, inasmuch as
the spectrum consisted of a main resonance below the diffraction limit, and also no resonance
above it. As HFSS uses a complete model of the system to predict the resonant response then
some difference between the HFSS modelling, Genet et al modelling and experimental data has
to be found to account for the lack of the higher frequency mode. Figures 5(a) and (b) show the
instantaneous electric field direction, on an array with an aluminium depth of 1 mm, for the two
resonances; one below the diffraction limit, at 68.25 GHz (a), and the other above the diffraction
limit at 69.25 GHz (b). It is clear that the modes constitute a symmetric, anti-symmetric pair.
However, as stated, HFSS reduces solution time by describing the metal using an SIA; it does not
allow any penetration of the electric fields into the metal. By contrast, the experimental sample,
having been heat etched by a laser, is likely to have a thinner metal region round the hole due to
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Figure 4. FEM data of resonant transmission against metal layer depth, varied
from 225 nm to 2 mm, for a hexagonal array with hole radius 0.915 mm.

6825Ghz (69.25 GIz
L Yy T aiag g7y Ay
J:;wﬂ-\i’ paavy 10 }';-_.:‘ ”f:“'
Frmline g::wi i=t
Jormsal e
‘v ] pio=y .
i EERHHH AT
Piiwy b whkd
7ay \3 Aty H{HE
FRTTE: E(Vim)  [HzainEset
w ;“ ) 1117 Wil N
53 [ R
P 133 i tvyhe b
M) el A1/ 2YY
1vn 2 17 (311
‘r {4 A7 i
bR 5 e
w»:. (] ;;:lnn.
frgastd YL
pS 2 rrryyTe ST A4 44 T
W e E (MR
e, A b
T EEIHINY
1 o ¥ &
= » afdd
R iig: i =11
e ¥a w4
AarTed Y ot
eI O O bval u
IS val R
e = valy )
S 0O QO [
e ; Svwall Veadh ad
:::.‘-f Vemaad, et Fes)
Shrriiiis O O veal i i
S P veazpf i

Figure 5. Instantaneous electric vector of transmission maxima located at
68.25 GHz and 69.25 GHz (figure 4). Sample has hole radius » = 0.915 mm and
metal depth = 1 mm. Sample cross-section and incident beam shown. Cross-

section not to scale.

the damage by the laser beam. This would allow the opposing electric fields of the anti-symmetric
mode to penetrate into the thinner metal layer and cancel out. Thus, the extra mode, found in
the theory, is weakened and not found in practice. Figure 6 shows the frequency of the pair of
modes as a function of metal depth, for the range 150 nm < d,jyminium < 2000 wm. It can be seen
that as the metal depth increases the modes approach each other. This would be expected as, in
the limit of an infinitely thick metal layer, the surface plasmon resonance could be considered
as only existing on one surface; this also explains why Genet et al do not predict this mode.
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Figure 6. Modelled data showing frequencies of upper and lower coupled modes
as a function of metal depth (dashed and solid lines respectively). Depth over range
225 nm < dyuminium < 2 mm, hole radius 0.915 mm. Diffraction limit shown at
69.2 GHz (dotted line).

2.2. Angle-dependent resonant transmission of the hole array

Angle-dependent transmission was explored with the second sample. Both p- and s-polarized
incident photons were studied for two different initial alignments of the incident photon electric
component on the sample (labelled in figure 1 as 1 and 2). The work presented in the previous
section showed the resonant transmission of an array with a 5 mm hole separation. This section
will show the angle-dependent data for an array with a 7.5 mm hole separation. The increased
pitch of the array (p = 6.495mm) not only reduces the main resonant mode frequency to
f =46.16 GHz,but also brings an increased number of diffracted orders into the frequency
and angle range studied, 50 < f < 75 GHz and —60 < 6 < + 60° respectively. This will allow
for a clearer comparison between the diffraction edges and the transmission maxima of the
hole array.

Figures 7(a)—(d) show the angle-dependent transmission data for the hole array, with the
7.5 mm hole separation. Figure 7(a) shows the transmission of microwaves whose electric
component is aligned along direction 1, as shown in figure 1, and whose angle of incidence is
varied such that the microwaves are p-polarized with respect to the sample surface. Figure 7(b)
shows the same plane of incidence, but this time the polarization of the microwaves is rotated
by 90° round the incident beam direction to be s-polarized. Diffraction edges are marked by the
different styled lines and labelled with the appropriate scattering orders. The reciprocal lattice
corresponding to this plane of incidence is shown in figure 8(a), with the corresponding scattering
orders marked. Firstly, it is clear that the transmission peaks occur only at lower frequencies than
those of the diffraction edges, consistent with the spectra shown in figure 2 and the assertion
that SPPs mediate the transmission. It is also clear that the p-polarized microwaves couple into
a greater number of scattered orders than those which are s-polarized. This difference is due to
the coupling conditions of the array. Microwaves can couple into a transmitted diffracted order
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Figure 7. Experimental data showing the angle-dependent transmission of micro-
waves through an array with 7.5 mm hole spacing. Polarization orientations are
as in figure 1: (a) alignment 1, p-polarized transmission data; (b) alignment 2,
s-polarized; (c) alignment 2, p-polarized; and (d) alignment 1, s-polarized.
Data shown as a function of in-plane wavevector over the range
—1500 < kj < 1500 m~" and frequency 50 < f < 75 GHz.
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Figure 8. Reciprocal lattices from which the diffraction edges, shown in figure 7,
are derived. Lattice (a) corresponds to figures 7(a) and (b). Lattice (b) corresponds
to figures 7(c) and (d).

provided that a component of the incident photon’s electric field is parallel to the grating vector
from which it might scatter, in real space, or perpendicular to the array surface. The second
condition is satisfied by p-polarized photons for all scattering orders, while the first is satisfied
by s-polarized photons except for scattering orders located along the x-axis in reciprocal space.
Figures 7(c) and (d) show the p- and s-polarized transmission, respectively, of the hexagonal
array of holes when the plane of incidence is rotated by ¢ = 90° around the normal axis with
respect to the sample surface. Now the p-polarized microwaves are aligned along direction 2
(figure 1) and the s-polarized photons along direction 1 (figure 1). The reciprocal lattice shown
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in figure 8(b) corresponds to the scattering orders marked in figures 7(c) and (d). Once again the
s-polarized photons may only couple into diffracted orders when a component of the photon’s
electric field is parallel to the grating vector, therefore photons do not excite orders with centres
located on the x-axis in the reciprocal lattice. However, there is a further curiosity in the lack of
either the (—1, —1) or (1, —2) in the p-polarized diffraction data, figure 7(c). Considering that
these modes are the result of second order scattering it must be assumed their absence is due to
low coupling efficiency.

3. Conclusions

In summary, the resonant transmission of microwaves through a hexagonal array of holes cut
into a very thin metal layer on a thin dielectric backing has been presented. It has been shown
that the array supports very strong resonant transmission peaks at frequencies just below that
of the diffraction limit of the array. These transmission peaks are independent of polarization
orientation on the sample for a normally incident microwave beam. It has also been shown that a
continuous thin metal layer, which is much less than the skin depth of the microwaves, blocks the
incident microwaves so effectively that no transmitted signal can be measured. It appears that all
transmission of the array occurs through the holes only, with no measurable field leakage through
the metal itself, despite the enhanced surface fields. The impedance mismatch between the air
and the metal prevents significant penetration of the fields into the metal. The transmittance of the
array is shown to increase as the hole depth is reduced for a given hole size, but that a maximum
transmittance of 93% is reached for a metal thickness of 2 um or less (>750% of the incident
radiation falling on the holes). The effect of metal thickness has also been discussed in relation
to the resonant frequency and it has been shown that, in theory, there are two resonant features
which are a pair of symmetric and anti-symmetric modes. The absence of the weaker, higher
frequency mode from the experimental data may be due to some weak penetration of the electric
fields within the extremely thin metal at the edges of the holes, disrupting the resonant fields.
Finally, the angle-dependent transmission of microwaves through the holes has been presented
for an array with a larger hole separation (7.5 mm). It has been shown that strong transmission
occurs close to the diffraction edges. Furthermore, it is shown that while p-polarized photons
may couple into any available diffracted order, s-polarized photons are limited to the orders
whereby a component of the incident E-field is parallel to the grating vector.
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